In order to enhance the growth performance of S. cerevisiae under harsh environmental conditions, 21 mutant XCG001, which tolerates up to 1.5M NaCl, was isolated via adaptive laboratory evolution 22
(ALE). Comparisons made via transcriptome data of XCG001 and the wild-type strain identified 23 ELO2 as being associated with osmotic tolerance. Overexpression of ELO2 increased the contents 24 of inositol phosphorylceramide (IPC, t18:0/26:0), mannosylinositol phosphorylceramide (MIPC, 25 t18:0/22:0(2OH)), MIPC (d18:0/22:0), MIPC (d20:0/24:0) ， mannosyldiinositol 26 phosphorylceramide (M(IP)2C, d20:0/26:0), M(IP)2C (t18:0/26:0(2OH)) and M(IP)2C 27 (d20:0/26:0(2OH)) by 88.3-, 166.9-, 63.3-, 23.9-, 27.9-, 113.8-and 208.1-fold at 1.0 M NaCl, 28 respectively, compared those of strain XCG002. As a result, membrane integrity, cell growth and 29 cell survival of the ELO2 overexpression strain (XCG010) increased by 24.4%, 29% and 22.1% at 30 1.0 M NaCl, respectively, compared those of strain XCG002. The findings provided a novel 31 strategy for engineering complex sphingolipids to enhance osmotic tolerance. 32
INTRODUCTION 41
During industrial fermentation, growth performance (concentration and growth rate) of 42 industrial strains is a key factor affecting the efficiency of the fermentation process (1). Growth 43 performance is determined by physiological characterization as well as nutritional and 44 environmental conditions. Concentration and growth rate declined when industrial strains were 45 subjected to harsh environmental conditions (2, 3). The membrane is a natural barrier separating 46 extracellular conditions from intracellular components (4). Therefore, improving membrane 47 function is a potential strategy to enhance the growth performance of industrial strains under harsh 48 industrial conditions (5). 49
Microbial membranes are primarily composed of a mix of proteins and lipids, and 50 manipulating these components may regulate the physiological function and growth of industrial 51 strains (5). Cell membrane proteins have a number of different functions, but membrane protein 52 engineering is focused on transporters as follows (3): (ⅰ) Engineering influx transporters: 53
Expressing influx transporters is a strategy used to increase carbon flux for product synthesis (6). 54
For example, when GatA, a transporter protein from Aspergillus niger, was expressed in S. 55 cerevisiae, D-galUA was used as a substrate, and the meso-galactaric titer was increased to 8.0 ± 56 0.6 g L −1 (7); (ⅱ) Engineering efflux transporters: Efflux transporters move intracellular molecules 57 across the cell membrane to maintain cell homeostasis and eliminate waste. For instance, when 58 human fatty alcohol transporter Fatp1 was expressed in yeast, the secretion efficiency of fatty 59 alcohol was improved by 5-fold, and the yeast tolerance to fatty alcohol was also increased (8); 60 (ⅲ) Directed evolution of transporters: The efficiency and function of the original transporter 61 protein is usually insufficient to meet the demands of industrial production. Therefore, properties 62 and expression levels of targeted transporters may be altered via protein evolution strategy (6, 9) , 63 an example being the nicotinamide riboside membrane transporter, PnuC in E. coli, which was 64 successfully engineered to accept thiamine as a substrate whereby thiamine transport efficiency 65 was improved to 2.5 μM by directed evolution(10). 66
Manipulation of membrane lipids, such as phospholipids, sphingolipids and sterols, is also an 67 efficient strategy to enhance membrane functions (11). Based on the structure of phospholipids, 68 one engineering strategy is to modulate phospholipid head groups by altering the expression of 69 key phospholipid biosynthesis enzymes (12). A another strategy is to regulate phospholipid fatty 70 acid tail by changing fatty acid length, via increasing the ratio of saturated to unsaturated fatty acid 71 and producing trans unsaturated fatty acids (tufa) (13-15). For example, through expression of cis-72 trans isomerase (Cti) from Pseudomonas aeruginosa, the tufa were incorporated into the E. coli 73 membrane, decreasing membrane fluidity, as a result of which robustness and the bio-renewable 74 fuel titer were improved (16). The content and compositions of sterols can be changed by 75
engineering key enzymes associated with sterol biosynthesis or by changing the transcription 76 levels of sterol biosynthesis enzymes, which are affected by global transcription factors, such as 77 Upc2 and Ecm22, and mediators, such as CgMed3AB (17) (18) (19) . For example, the expression of a 78 key sterol C-5 desaturase FvC5SD from an edible mushroom in fission yeast, improved the 79 ergosterol and oleic acid contents, which resulted in enhanced tolerance to ethanol and high 80 temperature (20). Sphingolipid metabolism is regulated by sphingolipid biosynthesis key enzymes 81 and the target of Rapamycin Complex 1 (TORC1) signals (11, 21). Thus, sphingolipid metabolism 82 can be manipulated by TORC1, as well as the sphingosine backbone and acyl chain (22). Some 83 attempts had been made to change sphingolipid content via engineering or the simulation of 84 molecular dynamics (23-25). An increase in sphingolipids resulted in a Zygosaccharomyces bailii 85 membrane, which was more packed and dense and increased acetic acid resistance (24). These 86 findings indicated that the importance of developing novel strategies to improve stress resistance 87 by engineering complex sphingolipid metabolism. 88
In this study, the length of sphingolipid acyl chain was engineered to change complex 89 sphingolipid metabolism and to increase the osmotic tolerance of S. cerevisiae. Adaptive 90 laboratory evolution and RNA-seq analysis led to the selection of ELO2, a sphingolipid acyl chain 91 elongase. Overexpression of ELO2 changed fatty acid, phospholipid, and complex sphingolipid 92 contents, resulting in improved cell membrane integrity. 93
RESULT 94
Globe-transcriptome analysis of the adaptive laboratory evolution strain and wild-type 95 strain 96
In order to understand how S. cerevisiae adapts to higher osmotic stress, ALE was utilized to 97 generate osmotic tolerance mutants. The concentration of NaCl was increased with time in a 98 stepwise fashion, to reach 1.5 M ( Fig. 1A ). After 300 generations of ALE, a clone (mutant XCG001) 99 was isolated from the evolved population. The osmotic sensitivity of mutant XCG001 and the wild-100 type strain were tested, where the IC50 value of the wild-type strain and mutant XCG001 were 0.94 101 M and 1.40 M NaCl, respectively (Fig. 1B) . The final biomass of mutant XCG001 was similar to 102 that of the wild-type strain at 0 M NaCl, whereas the final biomass of mutant XCG001 increased 103 by 346.5% compared with that of the wild-type strain at 1.5M NaCl (Fig. 1C and D) . 104 To identify the differentially regulated genes contributing to osmotic tolerance in mutant XCG001, 105 the transcriptome sequencing (RNA-seq) was conducted to compare global gene expression in 106 mutant XCG001 and the wild-type strain at 0 M and 1.5 M NaCl. Restrictive thresholds [|log2(fold 107 change)| ≥1.5; false-discovery rate (FDR), <0.05] of significantly expressed genes were used to 108 screen these genes. First, the differentially expressed genes were analyzed, at 1.5 M NaCl relative 109 to 0 M NaCl in both the wild-type strain and mutant XCG001 ( Fig. 1F ). Transcriptional profiling 110 analysis revealed that the expression levels of 1159 genes were significantly changed in the wild-111 type strain, where 664 were up-regulated and 495 were down-regulated, while in mutant XCG001, 112 the expression levels of 609 genes displayed differential expression, where 416 were up-regulated 113 and 193 were down-regulated. Additionally, 229 up-regulated and 68 down-regulated genes were 114 common to both strains. Gene Ontology (GO) analysis indicated that the commonly up-regulated 115 genes were involved in glycolysis/gluconeogenesis, pyruvate metabolism, lipid metabolism, 116 signaling transduction, fructose and mannose metabolism. On the other hand, the 68 down-117 regulated genes were involved in ribosome and amino acid metabolism (supplemental Data Sets 118 S1 and S2). 119
Next, significantly expressed genes in mutant XCG001, relative to those in the wild-type 120 strain, were analyzed at both 0 M and 1.5 M NaCl ( Fig. 1G ). At 0 M NaCl, the expression levels 121 of 212 genes were up-regulated and 271 genes were down-regulated. At 1.5 M NaCl, 131 genes 122 were up-regulated and 235 genes were down-regulated. Based on GO analysis, 13 genes that were 123 commonly up-regulated at 0 M and 1.5 M NaCl were involved in transport, pyrimidine metabolism 124 and lipid metabolism, whereas 28 commonly down-regulated genes were involved in pyruvate 125 metabolism and transport (supplemental Data Sets S3 and S4). These results suggested that mutant 126 XCG001 strengthened transport, pyrimidine metabolism and lipid metabolism, which contribute 127 to osmotic tolerance. 128
Overexpression of ELO2 enhanced osmotic tolerance 129
Above results showing that 13 genes were commonly up-regulated in the mutant XCG001 130 relative to those of the wild-type strain at both 0 M and 1.5 M NaCl, indicated that these genes 131 may contribute to osmotic tolerance. Initially, the mRNA levels of the 13 genes were further 132 verified by quantitative reverse transcription-PCR (qRT-PCR) analysis ( Fig. S1 ). Next, these genes 133 were overexpressed in each strain and evaluated for resistance to osmotic stress ( Fig. S2 ). 134
Interestingly, only overexpression of ELO2 conferred resistance to osmotic stress. To confirm 135 whether expression of ELO2 was positively correlated with osmotic tolerance, ELO2 was 136 overexpressed with two other constitutive promoters, PTDH3 (promoter activity weaker than that of 137 PTEF1 (26)) and PADH1 (promoter activity weaker than that of PTDH3). Although the spot results 138 showed no obvious difference among the strains PADH1-ELO2 (XCG016), PTDH3-ELO2 (XCG017) 139 and PTEF1-ELO2 (XCG010) at 1.0 M NaCl ( Fig. 2A) , the IC50 value of the strains XCG016, 140 XCG017 and XCG010 were 1.15 M, 1.18 M and 1.22 M, respectively (Fig. 2B ). The growth curves 141 of those four strains were also distinct ( Fig. 2C and D). At 0 M NaCl, the final biomass of strains 142 XCG016, XCG017 and XCG010 was similar to that of strain XCG002 (wild-type strain containing 143 a control plasmid pY13), whereas at 1.0 M NaCl, the final biomass of strains XCG016, XCG017 144 and XCG010 increased by 23%, 26% and 29%, respectively, compared to that of strain XCG002 145 ( Fig. 2C and 2D ). In addition, survival curves were generated for the four strains over a broad 146 concentration range of NaCl ( Fig. 2E) . At 1.0 M NaCl, 59.5% of strain XCG002 survived, while 147 strains XCG016, XCG017 and XCG010 exhibited 70.2%, 71.9% and 72.6% survival, indicating 148 approximate increases of 18.0%, 20.8% and 22.1%, respectively. These results suggested that the 149 overexpression of ELO2 enhanced osmotic tolerance of S. cerevisiae. 150
Overexpression of ELO2 enhanced very long fatty acids contents 151
The fatty acids contents of the strains XCG016, XCG017, XCG010 and XCG002 were 152 analyzed by gas chromatography. Altered membrane fatty acids, especially C22:0, in strains 153 XCG016, XCG017, and XCG010, compared to those of strain XCG002 at 0 M or 1.0 M NaCl are 154 shown ( Fig. 3A and B ). At 0 M NaCl, the contents of C20:0, C22:0 and C24:0 in strain XCG016 155 increased by 32.5%, 70.8% and 12.7% compared to those in strain XCG002, respectively, whereas 156 the level of C16:0, C16:1, C18:0 and C18:1 remained unchanged. In strain XCG017, the contents 157 of C20:0, C22:0 and C24:0 increased by 40.9%, 78.1% and 19.0%, respectively, while the contents 158 of C16:0, C16:1, C18:0 and C18:1 remained unchanged. In strain XCG010, the contents of C20:0, 159 C22:0 and C24:0 increased by 52.3%, 94.1% and 14.4%, respectively, whereas the contents of 160 C16:0, C16:1, C18:0 and C18:1 remained the same. At 1.0 M NaCl condition, the contents of 161 C20:0 and C22:0 in strain XCG016 increased by 21.5% and 90.3% compared to those of strain 162 XCG002, respectively, whereas the level of C16:0, C16:1, C18:0 and C18:1 remained unchanged. 163
In strain XCG017, the content of C20:0, C22:0 and C24:0 increased by 20.3%, 26.0% and 95.8%, 164 respectively, whereas the contents of C16:1, C18:0, C18:1 and C16:0 remained unchanged. In 165 strain XCG010, the contents of C20:0, C22:0 and C24:0 increased by 33.1%, 106.4% and 31.5%, 166 respectively, while the contents of C16:0, C16:1, C18:0 and C18:1 remained unchanged. Those 167 results indicated the change in fatty acid content in XCG016, XCG017, and XCG010 was similar 168 at 0 M and 1.0 M NaCl. 169
The average fatty acid length in strains XCG016, XCG017 and XCG010 was almost identical 170 to that of strain XCG002 at 0 M or 1.0 M NaCl, suggesting that the membrane "thickness" was not 171 affected by overexpression of ELO2 (Fig. 3C ). The reason for the lack of change in membrane 172 "thickness" may be that, although C20:0 and C22:0 contents increased by approximately 50%-173 100%, the proportion of C20:0 and C22:0 content to the total fatty acid content was only 174 approximately 0.5%. In addition, the fatty acid unsaturation/saturation (U/S) ratio did not increase 175 in the strains XCG016, XCG017 or XCG010 at 0 M or 1.0 M NaCl (Fig. 3D ). 176
Overexpression of ELO2 altered complex sphingolipids contents 177
To test whether overexpression of ELO2 altered the levels of phospholipids and complex 178 sphingolipids, strain XCG010 (the strain which displayed the best osmotic tolerance) was selected 179 to further analyze membrane phospholipids and complex sphingolipids. Overexpression of ELO2 180 changed the phospholipid contents in strain XCG010 ( (d20:0/26:0(2OH)) in strain XCG010 increased by 88.3-, 166.9-, 63.3-, 23.9-, 27.9-, 113.8-and 196 208.1-fold, respectively, whereas the contents of IPC (d18:1/22:0), MIPC (t16:0/18:0), MIPC 197 (t16:0/18:0(2OH)), MIPC (t16:0/20:0(2OH)), MIPC (t18:0/20:0(2OH)) and MIPC (d20:0/26:0) in 198 strain XCG010 decreased by 96.7%, 96.3%, 99.7%, 95.7%, 99.3% and 88.0%, respectively, 199 compared with the corresponding value in strain XCG002 (Fig. 4G ).These results suggest that high 200 levels of complex sphingolipids with the longer acyl chain maybe enhance the osmotic tolerance. 201
Complex sphingolipids improve osmotic tolerance 202
To validate whether an increase of complex sphingolipids contents enhanced osmotic 203 tolerance, the genetic details of strain XCG002 and XCG010 were investigated. The mRNA 204 expression levels of the complex sphingolipid biosynthesis genes in strain XCG002 and XCG010 205 were compared at 0 M and 1.0 M NaCl. At 0 M NaCl, the mRNA levels of AUR1, CSG2, IPT1, 206 LAG1 and LAC1 in strain XCG010 were increased by 1.4-, 1.7-, 1.3-, 1.5-and 1.8-fold, compared 207 to the corresponding value of strain XCG002 ( Fig. 5B ). At 1.0 M NaCl, mRNA levels of AUR1, 208 CSG2, IPT1, LAG1 and LAC1 in strain XCG010 were increased by 1.5-, 2.8-, 1.5-2.1-and 2.5-209
fold, compared to the corresponding value of strain XCG002 (Fig. 5C ). These results are consistent 210 with the high content of complex sphingolipids detected in strain XCG010 under osmotic stress. 211
However, the mRNA levels of the complex sphingolipid biosynthesis genes was different from the 212 comparison between mutant XCG001 and the wild-type strain (Table S1 ). This was because the 213 objects (strain XCG010 to XCG002; mutant XCG001 to the wild-type strain) and conditions 214 (under 1.0 M NaCl and 1.5 M NaCl) of comparison were different. 215
To evaluate whether the inhibition of complex sphingolipid biosynthesis affects the growth 216 of strain XCG010, LAC1, which is involved in the synthesis of ceramide from acyl-coenzyme A 217 and phytosphingosine, was deleted to generate strain XCG018. Spot results indicated that, at 1.0 218 M NaCl, the growth of strain XCG018 was better than that of strain XCG002 but worse than that 219 of strain XCG010 (Fig. 5D ). Moreover, cell survival of strain XCG018 (65.6%) was increased by 220 10.2%, compared with that of strain XCG002 (59.5%) at 1.0 M NaCl (Fig. 5E ). These results 221 suggested an increasing complex sphingolipids was crucial for S. cerevisiae osmotic tolerance. 222
Increased complex sphingolipid content improved membrane integrity 223
Effect of complex sphingolipids on membrane integrity was investigated ( showed the most number of cells with damaged membranes (Fig. 6B ). These cells of strains 230 XCG002, XCG010 and XCG018 were further assayed using flow cytometry. At 0 M NaCl, the 231 percentage of cells with integral membranes in strains XCG010 and XCG018 was similar to that 232 of strain XCG002. While the percentage of cells with integral membranes in strain XCG010 and 233 XCG018 were 85.7% and 76.6%, respectively, which were increases amounting to 24.4% and 234 11.2%, compared with that of strain XCG002 (68.9%). These results suggested an increasing 235 complex sphingolipid content improved membrane integrity. 236
DISCUSSION 237
In this study, ALE was used to obtain an osmotic tolerant strain, XCG001, where RNA-seq 238 analysis of mutant XCG001 and the wild-type strain was used to identify a key gene, ELO2, 239 associated with osmotic tolerance. Furthermore, overexpression of ELO2 changed the composition 240 of complex sphingolipids and increased the content of complex sphingolipids with longer acyl 241 chain. As a result, membrane integrity was increased and the osmotic resistance was enhanced. 242
This study provides a novel strategy to manipulate membrane complex sphingolipids to increase 243 membrane integrity and osmotic tolerance. 244
In this study, RNA-seq analysis of mutant XCG001 and the wild-type strain showed that 245 ELO2 was associated with osmotic tolerance. ALE is a very efficient way to improve industrial 246 strain phenotypes (27, 28). For example, ALE was used to increase the specific growth rate for 247 some genes deletion S. cerevisiae or genome-reduced E.coli with glucose as energy sources (29, 248 30), or to improve glycerol assimilation ability of S. cerevisiae (31), or enhance Schizochytrium 249 sp. tolerance to high salinity stress (32). After securing ALE strains, an important objective was to 250 further identify the targets for genetic modification. Three omics tools were applied for this 251 purpose as follows: (ⅰ) Genomics: The growth of pyruvate metabolism modified S. cerevisiae was 252 recovered to wild-type strain levels through ALE, and MED2 *432Y and GPD1 W71* of 17 mutant 253 genes, which were found in the genome sequence of 7 strains from the evolved S. cerevisiae, may 254 play a key role in regulating cell growth, as a result the growth of a MED2 *432Y and GPD1 W71* 255 double-mutant strain was similar to the wild-type strain (29); (ⅱ) Transcriptome: The specific 256 growth rate of S. cerevisiae on glycerol was increased via ALE, and the transcriptome data revealed 257 that genes, which were related to the tricarboxylic acid cycle and oxidative phosphorylation, 258 contributed to the increased specific growth rate (31). As a result, overexpression of HAP4, which 259 is involved in the TCA cycle, and STL1, which encodes a glycerol/H + symporter, improved the 260 growth of S. cerevisiae; (ⅲ) Metabolomics: An ionic liquids tolerant Yarrowia lipolytica strain was 261 obtained through ALE, and metabolomics analysis showed sterols played a key role in ionic liquids 262 tolerance, thus, a sterols transcription factor was overexpressed to enhance ionic liquids tolerance 263 (17). 264
Overexpression of Elo2, a fatty acid elongase that catalyzes C16-carbon fatty acids to C22 265 which decreased membrane integrity (41). That study did not demonstrate whether deletion of 298 sphingolipid biosynthesis genes increases membrane integrity directly. 299
MATERIALS and METHODS 300
Strains and Media 301 All S. cerevisiae strains and plasmids used in this study are listed in Table 1 . Plasmids pY131 and 302 pY132 were constructed by replacing the promoter PTEF of pY13 plasmid with PADH1 and PTDH3, 303 respectively. Overexpression strains were constructed using pY13, pY131 and pY132 plasmids 304 carrying the target genes. All plasmids were transformed into yeast cells using the lithium acetate 305 transformation method. Homologous recombination was used for gene lac1 deletion. The LEU2 306 marker, the upstream and downstream regions of the target gene open reading frame were fused 307 by fusion-PCR, and the PCR products were transformed into yeast cells using the lithium acetate 308 transformation method. All primers used in this study are listed in Table 2 . Yeast was cultivated in 309 yeast extract peptone dextrose (YPD) medium and yeast nitrogen base (YNB) medium at 30℃ 310 with shaking at 200 rpm. 311
Adaptive laboratory evolution 312 S. cerevisiae BY4741 was cultivated in 25 ml of YNB medium with histidine, leucine, methionine 313 uracil and the increasing salt concentrations in a 100-ml flask. When optical density at 600 (OD600) 314 reached around 4, the strain was transferred to new salt medium with an initial OD600 of 315 approximately 0.1. The concentration of salt was increased when the maximum specific growth 316 rate about 0.3. 317
Spot assay 318
Yeast cells were cultivated in logarithmic (log) phase and diluted to OD600 nm of 1.0. Aliquots (4 319 μl) of 10-fold serial dilutions were spotted onto YNB agar plates with or without the indicated 320 concentration of NaCl. Growth was assessed after incubation for 2 to 4 days at 30°C. 321
IC50, Growth curve and Survival 322
Maximum exponential growth rates of yeast in YNB supplemented with increasing salt 323 concentrations. The half-maximal inhibitory concentration (IC50) was calculated by fitting a Hill-324 type model to the data (solid line). Data points and error bars represent mean and s.d. of three 325 biological replicates. To test growth curve of S. cerevisiae at different concentration of NaCl, cells 326 were cultivated in log phase and diluted to a fresh YNB medium with OD600 of 0.1 at different 327 concentration of NaCl. The OD600 values were recorded though taking curatives at regular time 328 intervals. Cells survival was assessed by log-phase cells were treated with various concentrations 329 of NaCl for 1 h at 30℃ with shaking at 200 rpm. Next, cells were diluted and plated on YNB 330 medium plates with various concentrations of NaCl. After incubation for 2 to 4 days at 30°C, the 331 surviving colonies were counted. The survival rates are expressed relative to that of untreated cells 332 of the corresponding strain. 333
Transcriptome analysis 334
The wild type strain and mutant XCG001 were cultured in the log phase at 0 M and 1.5 M NaCl. 335
The collected strains were frozen at -80℃ and sent to the Genewiz Institute for RNA extraction 336 and global gene analysis. 337 qRT-PCR analysis. 338
Total RNA was extracted using MiniBEST universal RNA extraction kit and 1μg was taken to 339 synthesize cDNA using the PrimeScript II 1st-strand cDNA synthesis kit (TaKaRa, Japan). The 340 cDNA mixture was diluted to about 100 ng/μl and used as the template for the gene expression 341 level analysis by qRT-PCR. qRT-PCR was performed with TB Green Premix Ex Taq (TaKaRa Bio) 342 using an iQ5 continuous fluorescence detec0tor system (Bio-Rad, Hercules, CA). Data were 343 normalized to that of β-actin gene ACT1. The primer sequences for qRT-PCR are listed in Table 2 . 344
Fatty acids analysis 345
Fatty acids of yeast was extracted using NaOH-methanol-distilled water solution (3:10:10, 346 wt/vol/vol) and freeze-dried. Then dried sample was treated with 2 ml boron trifluoride (BF3)-347 methanol (12:88, vol/vol) and produce fatty acid methyl esters, as described previously (42 
